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ABSTRACT 
 
 
Three types of ZnO based thin films were deposited under different deposition parameters 
using DC magnetron reactive sputtering technique over glass and n-type (100) highly 
oriented silicon substrates: un-doped ZnO films, Vanadium doped Zinc Oxide films and 
Aluminium doped Zinc Oxide films. ZnO:V films were co-sputtered using two different 
magnetrons with Zinc (99,99%) and Vanadium (99,99%) targets, while pure ZnO and 
ZnO:Al films were sputtered using a single magnetron, placing an aluminium thin plate over 
the Zinc target in the case of ZnO:Al films. In all cases oxygen was used as the reactive gas 
and argon as the inert gas for creating the plasma. Previous to the deposition of the doped 
films, pure Zinc Oxide and pure Vanadium Oxide films were deposited separately to optimise 
some of their individual sputtering parameters and for following comparison. After 
characterization of all the films and result analysis, the most suitable and adjusted sputtering 
parameters were chosen to fabricate a piezoelectric thin film vibration energy harvesting 
device. Three different types of films were used for the device fabrication and testing, one 
un-doped ZnO and two Vanadium doped ZnO films, in order to compare their vibration 
response and energy harvesting capabilities. For device testing different experiments were 
carried on including: Ultrasonic vibrations, mobile phone vibrations, cantilever vibrations and 
knocking induced vibrations. The films showed good piezoelectric activity, generating 
voltages in the order of tens to hundreds of µV under the different vibration conditions. 
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CHAPTER 1: INTRODUCTION 
 
Improving and finding new ways to use renewable energy sources are one of the most 
important challenges that humanity has to face. With the growing threat of pollution, 
global warming and energy crises caused by our strong dependence on pollutant and 
non-renewable fossil fuels, the search for clean and renewable alternative energy 
resources is one of the most urgent challenges to the sustainable development of human 
civilization. Moreover, the increasing energy demand caused by population growing 
and the fast development of technologies is claiming for a breakthrough in efficient 
green energy technologies. Actually, there is a very rapid growth of small electronic 
devices for information and communications technologies with a huge extension and 
introduction into society. Powering this huge amount of electronic devices still relies on 
the use of rechargeable and non-rechargeable batteries, which present many drawbacks 
like short lifetime, bulky electronic systems, environmental contamination and non-
renewable energy consumption. Harvesting ambient energy at the micro-/nanometer 
scale holds great promises for charging and powering electronic devices and achieving 
self-powered small electronics. Charging electronic systems by using ambient and 
wasted energies can safe thousands of kilowatts per year while the self-powering 
capability allows electronic devices to exclude bulky and limited energy storage 
components. Recent development of nano generators (NGs) has demonstrated a possible 
solution for the design of self-sufficient power sources that directly store energy from 
ambient resources as wind, motion, vibrations and radio frequency and are also capable 
to harness wasted thermal and mechanical energies from machinery, transportation or 
even body motion. 
 
1.1 Nano Generators for Energy Harvesting 
 
NGs are devices capable to harvest ambient mechanical and thermal energies, 
converting them into profitable electrical power by using the inherent properties of 
some materials at micro and nano scale. This technologies use different physical effects 
that are present in some materials to transform the energy from one form to another. 
Using materials at the nano scale usually improve their properties respect to the bulk 
form and result in better energy conversion, while permitting the miniaturization of the 
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devices for self-powering micro electro mechanical systems (MEMS) or sensor nodes. 
Many researchers have reported significant advances in this field up to the date, 
obtaining promising results with different varieties of NGs [1].  
 
1.1.1 Piezoelectric and Pyroelectric Effects 
 
The piezoelectric effect is the conversion of mechanical energy into electricity or vice 
versa that takes place naturally in non-centro symmetric crystalline materials (20 of the 
32 known crystal cathegories). When an external force or pressure is applied to these 
materials, an internal asymmetric displacement of the anions respect to the cations in 
the crystalline structure generates a potential difference across the crystals that induce 
the flow of charges. This is called direct piezoelectric effect, while reverse piezoelectric 
effect is the internal displacement of atoms in the crystals that takes place when 
applying a potential difference to the material, resulting in an external mechanical 
displacement. Both effects disappear when the applied energy is removed and the atoms 
in the crystals recover automatically their original position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The pyro electric effect is the conversion of thermal energy fluctuations into electricity. 
This effect is found only in polar non-centrosymmetric crystalline materials (10 of the 
20 piezoelectric crystals). In this case, a time dependent temperature fluctuation in the 
material leads to an internal polarization (when cooling) and depolarization (when 
Fig 1.1 Schematic representation of direct (down) and reverse 
(up) piezoelectric effects 
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heating) of the crystalline structure that generates a potential difference between the two 
surfaces of the material. This is called the primary pyroelectric effect. As temperature 
fluctuations produce also thermal expansions and contractions in the material, an 
additional polarization is produced do to the piezoelectric effect, which is known as the 
secondary pyroelectric effect. When temperature remains constant (without time 
dependent fluctuations), the pyroelectric effect decreases gradually and finally 
disappears. 
 
Both piezoelectric and pyroelectric NGs require high crystalline orientation of the 
materials as well as poor conductivity for a better energy conversion. 
 
1.1.2 Thermoelectric Effect 
 
The thermoelectric effect is the conversion of a temperature gradient into electricity or 
vice versa. This effect is found in all the existing materials but it is only high enough to 
be useful in some of them, particularly in metals and semiconductors with low thermal 
conductivity. When there is a temperature gradient between two different surfaces of the 
material the charge carriers move from the hot side to the cold side those creating a 
potential difference that can be used to generate electricity. This is called Seebeck effect 
so thermoelectric generators can also be called as Seebeck generators. On the other 
Fig 1.2 Schematic representation of pyro electric effect with no temperature 
change, when hitting and when cooling 
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hand, when current is made to flow through the material those creating a temperature 
gradient in it, is known as Peltier effect.  
 
 
 
 
 
 
 
 
 
 
 
Thermoelectric NGs require materials with good conductivity (specially at high 
temperatures) and high seebeck coefficients but with very low thermal conductivity.  
 
1.1.3 Thin film based Nanogenerators 
 
There are many studies about the properties of zinc oxide (ZnO) based thin films under 
different growing methods and their integration in energy harvesting devices. The most 
common devices are based on micro-cantilevers [2] that are capable to harvest energy 
from mechanical vibrations, producing an AC output when vibrating. Another method 
widely used is storing energy from ultrasounds and radio frequency using piezoelectric 
transducers [3] and the most recent methods are based on highly flexible devices made 
with polymer substrates, capable to harvest energy from movement (continuous 
flections) or by applying external pressure [4]. The basic architecture of a thin film based 
NG is composed of three different layers deposited over a substrate, making a sandwich 
like structure. The first and the third layers are the bottom and the top electrodes 
respectively, used to extract and reflect the potential difference created in the two 
surfaces of the film and those driving the flow of electrons through an external load. In 
between, there is the active layer based on a micro or nano film, which is responsible 
for the energy conversion. 
 
 
Fig 1.3 Schematic representation of Seebeck thermoelectric effect  
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1.2 ZnO-based Thin Films 
 
1.2.1 ZnO thin films 
 
ZnO is a naturally n-type semiconducting material with a wide band-gap and several 
other favourable properties including very good transparency, high electron mobility, 
strong luminescence, high power and thermal stability with a low thermal expansion 
and inherent piezoelectric properties. ZnO thin films have been widely studied during 
recent years by many scientific groups because of his promising properties in a variety 
of fields [5-9]. The piezoelectric properties of ZnO have been studied and successfully 
used for different applications like ultrasonic transducers, micro/nano sensors and 
actuators, MEMS, micro-fluid systems and, more recently, their application in energy 
harvesting systems. The advantages of ZnO thin films respect other nanostructures 
(sponge-like, nanorods, nanobelts or nanosheets) are their easy fabrication process and 
cost-efficient device integration, strong structural properties and long lifetime. 
  
1.2.2 Vanadium doped ZnO thin films 
 
Doping ZnO with transition metals gives new and improved properties to the films, 
which has been investigated and reported recently by many scholars in various fields 
like gas sensors, spintronics, diluted magnetic semiconductors (DMS), magnetic 
memories and more. The effects of doping ZnO with Vanadium have been proved to 
add additional properties to the material like ferroelectricity and ferromagnetism and 
improve some of his optical and electrical properties, as well as its piezoelectric 
constants [10].  
 
1.2.3 Aluminium doped ZnO thin films 
 
Al-doped ZnO films are also promising materials in many fields like TCO, surface 
acoustic wave devices, high frequency transducers and optoelectronic devices because 
of their high transparency, low resistivity and piezoelectric properties. ZnO:Al thin 
films have also been found to be promising for their use in thermoelectric nangenerators 
because of their improved electrical conductivity respect ZnO films, a highly dense 
structure and good thermal resistance [11-12]. 
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CHAPTER 2: REVIEW OF LITERATURE 
 
J. Molarius et al [13] explore the influence of various sputtering parameters on the 
crystalline and piezoelectric quality of ZnO films with the aim of developing an 
optimized radio frequency (rf) sputtering process to achieve highly piezoelectric ZnO 
films. The influence of the sputtering-process parameters on the film properties are 
investigated by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), 
Atomic Force Microscopy (AFM) and electrical measurements and for testing the 
piezoelectric activity of the films they fabricated resonators and pass-band filters in the 
1-2 GHz range. As the final result, they claim to have obtained an optimized process for 
obtaining high quality piezoelectric films with the desired qualities: highly insulating, 
single crystalline (001) orientation with fine columnar microstructure perpendicular to 
the substrate using 550 W rf power, substrate temperature of 200 ºC, substrate bias        
-30 V, oxygen flow 40 sccm and 1.7 Pa of working pressure. The piezoelectric quality 
of the optimized film was proved by fabrication of an Extended Global System for 
Mobile communication (EGSM) bandpass filter. 
 
Chien-chuan cheng et al [3] this investigation examines a means of integrating high-
performance ZnO piezoelectric thin films with a flexible stainless steel substrate to 
fabricate a double-sided piezoelectric transducer for vibration-energy harvesting 
applications. The double-sided piezoelectric transducer is constructed by depositing 
ZnO piezoelectric thin films on both the front and the back side of the substrate. 
Cheng’s group successfully fabricated the double-sided piezoelectric transducer with 
highly c-axis oriented crystalline ZnO films under optimized parameters (75 W rf 
power, substrate temperature of 300 ºC and 1.2 Pa of sputtering pressure) on flexible 
stainless steel substrate by adding a Ti/Pt layer for a better adhesion of the back ZnO 
layer. The vibration tests of the transducer by using a shaking system and measuring the 
output voltages with an oscilloscope showed a maximum output voltage of 18 V at 80 
Hz and a steady output power of 1.31 µ W/cm2 with a 6 MΩ resistive load proving good 
energy harvesting capabilities of the double sided transducer at low vibration 
frequencies. 
 
Y. C. Yang et al [10] reports a considerable increment in the piezoelectric d33 
coefficient of Vanadium doped ZnO films respect to un-doped ZnO (nearly one order of 
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magnitude). According to his conclusions, the switchable spontaneous polarization 
induced by V dopants and the accompanying relatively high permittivity of the films 
should be responsible for the enhancement of the piezoelectric response or ether an 
easier rotation of V–O bonds which are non-collinear with the c-axis under an electric 
field might be the microscopic origin of the anomaly. In the study, various films with 
different doping concentrations were deposited on silicon (111) single crystalline 
substrates using DC magnetron co-sputtering method.  All the films exhibited 
ferroelectric activity and the highest piezoelectric coefficient of 110 p C/N was obtained 
for a doping concentration of 2.5 at%. 
 
Aliza Aini Md. Ralib’s et al  [21] describes the design, simulation and fabrication of 
aluminium doped zinc oxide (AZO) cantilever beam deposited on (100) silicon 
substrate using RF magnetron sputtering. Material characterization was performed using 
XRD and FESEM to evaluate the piezoelectric qualities, surface morphology and cross 
section structure of the films, which exhibited high crystalline (002) orientation with 
columnar grains and a smooth surface. The cantilever beam was fabricated with an 
AZO film sandwiched between two Aluminium electrode layers and tested using an 
ultrasonic cleaner as vibration source. The fabricated energy harvester generated 1.61 V 
open circuit output voltage at 7.77 MHz resonance frequency. The experimental results 
agreed with the simulation results and demonstrated that the measured output voltage is 
sufficient for low power wireless sensor nodes as an alternative power sources to 
traditional chemical batteries. 
 
Ping fan et al [22] reports the optimization of thermoelectric properties in AZO films 
deposited using DC reactive magnetron sputtering at room temperature while changing 
the doping concentration and post-deposition annealing conditions. The films showed a 
good quality with a high (002) crystalline orientation. Changes in the conductivity, 
seebeck coefficient and Power Factor were studied. It was found that the absolute value 
of seebeck coefficient in the AZO films annealed at 723 K increases stably with 
increasing of measuring temperature and reached a value of 60 µ V/K at 575 K. The 
power factor of AZO thin films with Al content of 3 wt% increased with increasing of 
measuring temperature and a maximum power factor of 1.54 × 10−4 W/m·K2 was 
obtained at 550 K with maximum absolute values of Seebeck coefficient of 99 µV/K, 
which is promising for high temperature thermoelectric applications. 
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CHAPTER 3: EXPERIMENTAL METHODS 
 
 
3.1 Thin Film Deposition Methods 
 
3.1.1 Reactive dc magnetron sputtering 
 
Sputtering is a process in which atoms are ejected from a solid material (sputtering 
target)  by  bombarding  the  target  surface  with  energetic  particles,  often  ions  of  an 
ionized inert gas (sputtering gas). 
 
 
Fig 3.1 Schematic representation of sputtering techniques 
 
A  schematic  drawing  of  a  typical  sputtering  setup  is  presented  in  Figure  3.1.  
The sputtering target is usually solid, serves as the cathode by applying a negative 
voltage to it while the walls of the chamber serve as the anode. The chamber is 
evacuated using vacuum pumps after which an inert gas such as argon (Ar) is 
introduced to the chamber and the  plasma  is  generated  by  an  electrical  discharge  of  
the  gas. The ions from the plasma bombard the target surface and sputter out atoms via 
momentum transfer. The rate of sputtering is proportional to the current density of inert 
gas ions bombarding the target surface. The sputtered atoms traverse through the plasma 
and  reach  the  substrate  where  they  may  condense  and  form  films.  Energy  of  the 
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sputtered atoms having an energy  range  of  a  few  eV  up  to  tens  of  eV.  The  
number  of  sputtered  atoms  per incident  ion,  known  as  the  sputtering  yield,  
depends  on  the  target  material,  surface binding energy of the target atoms, incident 
energy, mass of the projectile as well as on  the  angle  of incidence of  the bombarding  
particle.  
 
 
Fig 3.2 Photographic image of sputtering unit 
 
Growth of the compound films 
Compound films such as metal oxides or metal nitrides are commonly deposited using 
an insulating compound target via rf magnetron sputtering. However, the deposition rate 
is low because of the lower sputtering yield of the compound material relative to metal, 
especially in metal oxide.  Also the sputtering efficiency in rf discharges is low.  
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Another limitation of rf sputtering is its complicated and expensive hardware. 
Therefore, rf magnetron sputtering is less attractive for industrial processes.  Reactive  
dc  magnetron  sputtering  is  an  alternative  technique  for  compound  film deposition  
with  potentially  higher  deposition  rates  than  RF  magnetron  sputtering. Also, it uses 
metal targets which are easier and cheaper to manufacture. In a typical dc reactive 
sputtering process, compound film is synthesized in the presence of a reactive gas 
mixed with an inert working gas (e.g., Ar) by sputtering of a metallic target. Reactive 
gas in the discharge will react and form the desired compound at the substrate. For 
example, in the case of ZnO film growth, oxygen is introduced and reacts with sputtered 
Zn species to form ZnO on substrate.  
 
Influence of sputtering parameters 
There are several parameters that influence the growth behaviour and structural features 
of thin films. These parameters are determined by the deposition conditions and 
influence how the atoms behave at the substrate before they are fully bonded to form 
films (referred to as adatoms) as well as the kinetics of the atoms (such as mobility, 
diffusion) at the substrate surface.   
The first structure zone model for magnetron-sputtered metal thin films was proposed 
by Thornton.  The parameters that are used for  describing  the  microstructural 
evolution  of  the  films  in  this  model  are  sputtering  gas  pressure, substrate to target 
distance, substrate bias, sputtering power, angle of deposition, deposition time  and  
substrate temperature.  
 
Effect of sputtering gas pressure 
Higher pressure means more frequent collisions of the sputtered atoms with the 
background gas and loss of energy. Therefore, the energy of the atoms arriving to the 
substrate is lower resulting in low adatom mobility giving films with a porous 
microstructure at low substrate temperature.   
 
Effect of substrate temperature 
Higher temperature of the substrate can enhance adatom mobility/diffusion which 
allows particles to find energetically favourable positions, resulting in formation of a 
film with larger grains (often columnar). At low temperature, the mobility/diffusion of 
adatom is very low, resulting in films with smaller grains or disordered structure.  Low 
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temperature films also contain more voids. In addition, there are other parameters such 
as sputtering power, substrate bias, and deposition rate that influence the microstructure 
of films. However, the microstructure still  falls  within  one  of  the structured zone 
model  proposed  by  Thornton  and  is  determined  by  the energy of adatoms. 
 
Effect of sputtering power 
Sputtering power is a one of the important parameter in sputter depositing thin film. The 
influence of sputtering power increases the ratio of plasma bombarding ions to the 
target which leads to increase the sputtering yield. The sputtering yield helps to control 
the thickness of the depositing thin film. 
 
Advantages of dc magnetron sputtering technique 
• Large area uniform coating 
• High stability of the deposited film  
• High deposition rate 
• Deposition of the film under reactive atmosphere  
• Control over the interaction of contaminants in the film during growth process 
• Good film adherence over various substrates  
• Ease in tuning material composition and microstructure 
 
3.1.2 Thermal evaporation 
Aluminum (Al) and gold (Au) thin films of variable thickness were prepared by thermal 
evaporation technique having pure aluminum and gold material in tungsten boat onto 
the glass substrate and on ZnO thin films. The films with variable thickness were 
obtained by changing the quantity of material and deposition time.  The evaporation of 
the aluminum and gold was performed at the base pressure of 3.5 × 10-5 and 4.5 × 10-5 
mbar respectively. 
 
12	  
 
Fig 3.3 Schematic representation of thermal evaporation technique 
 
3.2 Thin film deposition parameters 
3.2.1 Un-doped ZnO deposition procedure 
 
First step was to deposit un-doped ZnO films under three different dc powers (20, 30 
and 40 W) for 10 min each, while varying the oxygen pressure in relation to the applied 
power. After choosing the most suitable oxygen pressure for each power, three different 
times (10, 20 and 30 min) with both 30 and 40 W power were used in order to study the 
combination effects of both parameters. For that, three depositions of 10, 20 and 30 
minutes with 30 W and three more with 40W were done. Finally, two different substrate 
temperatures (200 and 300 ºC) were used with two different times each (20 and 30 min) 
while fixing the dc power at 40 W. Working pressure and argon to oxygen ratio were 
kept constant in each of the separate experiments. Target to substrate distance was kept 
at 5.5 cm for all the experiments as well as 20 degrees inclination of the magnetron’s 
normal respect to the substrate perpendicular axis. Both glass and silicon substrates 
were used for comparing the effect of the substrate in the crystallinity of the films.  
13	  
Sample 
# 
Deposition time 
[min] 
DC power 
[W] 
Substrate Temp. 
[ºC] 
Zn 1 10 20 RT 
Zn 2 10 30 RT 
Zn 3 10 40 RT 
Zn 4 10 30 RT 
Zn 5 20 30 RT 
Zn 6 30 30 RT 
Zn 7 10 40 RT 
Zn 8 20 40 RT 
Zn 9 30 40 RT 
Zn 10 20 40 200 
Zn 11 20 40 300 
Zn 12 30 40 300 
Zn 13 30 40 200 
 
 
 
3.2.2 Un-doped Vanadium Oxide (VO) deposition procedure 
 
VO films were deposited following the same procedure as ZnO films but using three 
different powers (50, 60 and 70 W). The same deposition times and substrate 
temperatures as with ZnO were used, while keeping working pressure and argon/oxygen 
ratio as constants. 
 
Sample 
# 
Deposition time 
[min] 
DC power 
[W] 
Substrate 
Temp. [ºC] 
V 1 10 50 RT 
V 2 10 60 RT 
V 3 10 70 RT 
V 4 10 60 RT 
V 5 20 60 RT 
V 6 30 60 RT 
Tab 3.1 Variation of deposition parameters for un-doped ZnO 
samples 
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V 7 10 70 RT 
V 8 20 70 RT 
V 9 30 70 RT 
V 10 20 70 200 
V 11 20 70 300 
V 12 30 70 300 
V 13 30 70 200 
 
 
 
3.2.3 Vanadium doped ZnO deposition procedure 
 
After choosing suitable powers for ZnO and VO (40 and 70W respectively), Vanadium 
doped ZnO films were co-sputtered from Zinc and Vanadium targets changing 
Vanadium sputtering times, those varying VO concentration in the films. That was done 
by keeping Zinc shutter opened during all the deposition time and closing Vanadium 
shutter at regular intervals. Two depositions were carried at room temperature, one with 
both shutters opened for 30min (proportion 1:1) and the other one with Zinc shutter 
opened for 30 min and Vanadium shutter for 10 min, divided in two 5 min intervals 
(proportion 3:1). After that, one more deposition was done sputtering Zinc for 30 min 
and Vanadium for 20 min, divided in two 5 min and one 10 min intervals (proportion 
3:2) at a substrate temperature of 200 ºC. Working pressure and argon/oxygen ratio 
were kept constant during all depositions. For these experiments, target to substrate 
distance was increased to 10 cm while keeping the same inclination of the magnetrons 
for obtaining a proper intersection of both particle fluxes from the two individual 
targets. 
 
Here, in addition to regular glass and silicon substrates, two glass and two silicon 
substrates were previously coated with a thin bottom electrode layer using thermal 
evaporation technique for later piezoelectric characterization. Two different materials 
were used for the bottom electrode layer (aluminium and gold), depositing each one in 
both glass and silicon substrates. 
 
Tab 3.2 Variation of deposition parameters for un-doped VO samples 
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Sample 
# 
Deposition time 
[min] 
DC power 
[W] 
Substrate 
Temp. [ºC] 
Zn:V 0 30 Zn / 30 V 40 Zn / 70 V RT 
Zn:V 1 30 Zn / 10 V 40 Zn / 70 V RT 
Zn:V 2 30 Zn / 20 V 40 Zn / 70 V 200 
 
 
  
3.2.4 Aluminium doped ZnO deposition procedure 
 
Finally, Aluminium doped ZnO films were deposited using two different powers (40 
and 45 W), two different deposition times (20 and 30 min) and four different substrate 
temperatures (200, 300, 350 and 400 ºC). First, the Aluminium thin plate (42 × 17 × 1 
mm3) was placed over the Zinc target (∅ = 50 mm, 3 mm thickness) in two different 
positions (at one side and in the target centre) and two depositions of 20 and 30 min 
were done while fixing all other parameters to study the variation in the composition of 
the films do to a variation on positioning the Aluminium plate. Fixing the plate position 
in the centre of the target, sputtering power was varied from 40 to 45 W and two more 
depositions using 20 and 30 min time were done to determine the effect of power 
increment in films composition. Finally, four different substrate temperatures were used 
while fixing all other sputtering parameters.  
 
Sample # Deposition time 
[min] 
DC power 
[W] 
Substrate 
Temp. [ºC] 
Zn:Al 1 20 40 RT 
Zn:Al 2 30 40 RT 
Zn:Al 3 20 40 RT 
Zn:Al 4 30 40 RT 
Zn:Al 5 20 45 RT 
Zn:Al 6 30 45 RT 
Zn:Al 7 30 40 300 
Zn:Al 8 30 45 300 
Zn:Al 9 30 45 350 
Tab 3.3 Variation of deposition parameters for V-doped ZnO 
samples 
16	  
Zn:Al 10 30 45 400 
Zn:Al 11 30 45 200 
 
 
  
 
3.3 Thin Film Characterization Techniques  
 
To analyse the different properties of the deposited films, the following characterization 
techniques where used: XRD, FE-SEM, EDAX, UV-Vis-NIR spectroscopy and 
different electrical measurements (4 probe resistivity, I-V curves). 
 
3.3.1 X-Ray Diffraction (XRD) 
 
An X-ray is an electromagnetic wave with wavelength in the range of 0.01 - 10 
nm. Most atoms in a solid (crystal) are arranged periodically in a lattice, and the spacing 
between  the  planes  in  the  crystal  is  of  the  same  order  of  magnitude  of  an  X-ray 
wavelength, which makes  X-ray Diffractometry -rays suitable to analyze the 
crystallography of a crystal.  
 
 
Fig 3.4 Schematic illustration X-ray diffraction 
 
A schematic illustration X-ray diffraction setup is shown in Fig. 3.4. The angle of the 
primary beam and the exiting beam is θ with respect the sample surface during 
operating. The basic principal of X-ray diffractometry is described by Bragg’s law of 
Tab 3.4 Variation of deposition parameters for Al-doped ZnO 
samples 
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reflection, where the path difference of beams reflected from different atomic planes is 
equal to an integer number of wavelengths.  
θλ sin2dn =  
where, d is the spacing between the diffracted planes, θ  is the incident angle of the X- 
ray beam,  n  is integer and  λ  is the wavelength of the X-ray. The diffraction pattern of 
the crystalline phase is unique and depends on the material. The peak positions in a 
diffractogram depend on the structure factor while the width of the peak depends on the 
grain/crystallite size. If the grain/crystallite size is smaller, the peak broadens. When  no  
peak  is  detected  by  XRD,  the  material  has  very  small  grain  size  or  the material 
is amorphous and the structure is referred to as X-ray amorphous. 
 
3.3.2 Field Emission Scanning Electron Microscope (FE-SEM) 
 
FE-SEM is used for the investigation of surface morphology of the material. When a 
voltage is applied to the filament in FESEM it results in emission of electron from the 
filament at a high vacuum of 10-4–10-6 Torr. Electromagnetic lenses guide the electrons 
in the electron column to the sample, the interaction of electron with the samples, 
ranging from little nanometers to micrometer depending upon the beam property and 
sample type, results in backscattered and emitted secondary electrons. The interaction of 
electron beam and samples are shown in Fig 3.5.   
 
 
Fig 3.5 Sample- electron interaction in FE-SEM 
 
The secondary electrons from the sample surface are detected through scintillator- 
photomultiplier. The image formed due to intensity of secondary electrons emission 
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from the sample at each (X, Y) data point during scanning of electron beam across the 
surface. The large depth of focus in FE-SEM makes it possible to image rough surface 
of samples as well as in two - dimension. The block diagram of FE-SEM is shown in 
Fig. 3.6. 
 
Fig 3.6 Schematic representation of FE-SEM Instrumental setup 
 
3.3.3 UV Visible Near Infra-red Spectroscopy (UV-Vis-NIR) 
 
UV-Vis-NIR absorption spectroscopy is the measurement of the attenuation of a beam 
of light after it passes through a sample or after reflection from a sample surface. 
Absorption measurements can be at a single wavelength or over an extended spectral 
range. Ultraviolet and visible light are energetic enough to promote outer electrons to 
higher energy levels. It probes the electronic transition of molecules that absorb light in 
the ultraviolet and visible region of the electromagnetic spectrum and is considered a 
reliable and accurate analytical technique for the qualitative as well as quantitative 
analysis of samples. When sample molecules are exposed to light having an energy that 
matches a possible electronic transition within the molecule, some of the light energy 
will be absorbed as the electrons are promoted to a higher energy orbital. An optical 
spectrometer records the wavelengths at which absorption occurs, together with the 
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degree of absorption at each wavelength. The resulting spectrum is presented as a graph 
of absorbance versus wavelength. 
 
 
Fig 3.7 Instrumental representation of UV-Vis- NIR-Spectrophotometer 
 
A diagram of the components of a typical spectrometer is shown in Figure 3.7. The 
functioning of this instrument is relatively straightforward. A beam of light from a 
visible and/or UV light source is separated into its component wavelengths by a prism 
or diffraction grating. Each monochromatic (single wavelength) beam in turn is split 
into two equal intensity beams by a half-mirrored device. One beam, the sample beam 
passes through a small transparent container (cuvette) containing a solution of the 
compound being studied in a transparent solvent. The other beam, the reference, passes 
through an identical cuvette containing only the solvent. The intensities of these light 
beams are then measured by electronic detectors and compared. The intensity of the 
reference beam, which should have suffered little or no light absorption, is defined as I0. 
The intensity of the sample beam is defined as I. Over a short period of time, the 
spectrometer automatically scans all the component wavelengths in the manner 
described. The ultraviolet (UV) region scanned is normally from 200 to 400 nm, and the 
visible portion is from 400 to 800 nm. 
The optical band gap was calculated using the Tauc’s relation. 
)()( gn
n EhAh −= ννα  
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where, α is absorption coefficient, hv is photon energy, Eg is the optical band gap energy 
and  A is the constant exponent corresponding to the type of transition which occurs in 
the material where n	  = 1/2, 2, 3/2 and 3 corresponding to the allowed indirect, direct, 
forbidden indirect and forbidden direct transition. The absorption co-efficient (α) was 
estimated as 
t
A×= 303.2α  
 
where, 2.303 is the absorption constant, A is absorbance in nm, t is the thin film 
thickness in nm. For calculating direct band gap by using Tauc's plot interband relation 
theory for direct allowed transition, we assumed n	  = 2 for plotting the graph (αhυ)2 on 
Y-axis and photon energy (hυ) on X-axis. By extrapolating the linear portion of the 
graph the intercept on the X-axis gives the direct band gap.  
 
3.3.4 Four probe resistivity measurements 
 
The four point probe technique is meant for resistivity measurement of the 
semiconducting or conducting material having unknown resistance. Probe consists of 
four sharp conducting tungsten tips with springs; springs were used to prevent the thin 
film material from damage during measurement. It contains four equally spaced 
conducting tips in contact to the thin film material whose resistivity is going to be 
measured. 
 
Fig 3.8 Four probe resistivity measurement setup 
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Fig. 3.8 shows the four probe resistivity measurement setup. A known range of current 
is passed from the source at both the end of the sample and the voltage is being 
measured at the intermediate two pin points. Often the resistivity of the material is 
calculated from  
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where, V is the voltage measured, I is the constant current source, t is the thickness and 
k is the correction factor. 
 
3.3.5 I-V Characteristics 
 
The I-V studies were used to study the voltage and current characteristics of the multi-
layered device and it was done by using electrical measurement instrument. When the 
voltage is passing to the device current is to be measured, according to the voltage and 
current characteristics the performance of the device can be analysed. Here the voltage 
is given in to the range of +5 to -5 V accordingly current was measured and the graph 
was plotted only at aluminium and gold deposited thin films. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 
 
 
4.1 Un-doped Zinc Oxide (ZnO) films 
  
4.1.1 Surface morphology 
  
All deposited films showed the typical surface morphology of sputtered ZnO, with little 
sized spherical shaped grains uniformly distributed over the surface.  The size and shape 
of the grains was found to be very dependent on the various sputtering parameters.  
 
 
 
As can be seen in Figure 4.1, the influence of sputtering time in grain formation is 
critical. By looking at the images of the three samples sputtered at 40 W can be noticed 
that in the 10 min deposited film the grain growth is very poor because there is not 
Fig 4.1 FE-SEM images of un-doped ZnO thin films deposited on silicon substrates 
under different times and sputtering powers 
40 W 
 
10 min 
 
40 W 
 
20 min 
40 W 
 
30 min 30 W 
 
30 min 
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enough time for bigger grains to form, showing only the beginning of nucleation with 
high porosity. While increasing the sputtering time grains grew bigger and the surface 
became less porous. In the 30 min samples, however, grains seem to suffer a little 
degradation of their shape suggesting a distortion in their crystalline structure. This was 
later confirmed, as can be seen in the XRD analysis below. 
 
Figure 4.2 shows the influence of substrate temperature in the films deposited at 40 W 
during 30 min. When hitting the substrate at a temperature of 200 ºC the crystals grew 
bigger, showing a slight change in their shape and a smoother and less porous surface.  
 
 
 
While increasing the substrate temperature up to 300 ºC the morphology of the films 
showed a clear improvement respect to that one’s sputtered at room temperature, as 
crystal grains grew bigger and more compact. However, the surface seems to be rougher 
and less uniform than the surface of the samples deposited at 200 ºC. That is probably 
Fig 4.2 FE-SEM images of un-doped ZnO thin films deposited under different 
substrate temperatures  	  
30 min RT 30 min 200ºC 
20 min 30 min 300ºC 300ºC 
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because at 200 ºC the crystalline structure starts to change do to the applying heat but 
there is not enough energy for the growth of bigger grains, which only takes place when 
heating the substrate at a higher temperature. When comparing the two SEM images of 
the films sputtered at different times (20 and 30 min) at a substrate temperature of     
300 ºC we can see again the effect of the sputtering time, now combined with the effect 
of substrate temperature. In the 20min sample the presence of both big and small grains 
suggests that the time is not enough for the complete growth of all the bigger grains, 
showing an irregular structure. All obtained microstructures are in good agreement with 
previous reported works in deposition of ZnO piezoelectric films under various 
deposition parameters [13-14]. SEM images also suggest the formation of the typical 
columnar grains oriented along the c-axis with strong grain boundaries present in ZnO 
thin films [15]. 
 
Changes in grain size, deduced from the XRD results and using Debye-Scherrer’s 
formula are resumed in the table below: 
 
Sample 
# 
Deposition time 
[min] 
DC power 
[W] 
Substrate 
Temp. [ºC] 
Grain Size [nm] 
Zn 4 10 30 RT 10.125 
Zn 5 20 30 RT 8.303 
Zn 6 30 30 RT 15.095 
Zn 7 10 40 RT 7.985 
Zn 8 20 40 RT 18.868 
Zn 9 30 40 RT 11.372 
Zn 10 20 40 200 13.836 
 
Zn 11 20 40 300 25.940 
 
Zn 12 30 40 300 8.307 
Zn 13 30 40 200 11.861 
 
 
 
 
 
Tab 4.1 Changes in the grain size of un-doped ZnO films under 
different deposition parameters 
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4.1.2 Structural studies 
 
XRD analysis reveals that all the deposited films are crystalline in nature, with the 
presence of (002) oriented crystals along the c-axis. This is found to be the most 
common orientation in hexagonal ZnO. Films deposited on amorphous glass substrates 
exhibit single crystalline orientation along (002) plane while the films deposited on 
silicon substrates became polycrystalline do to the effect of the interaction with the 
highly (100) oriented silicon crystals. 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.3 XRD peaks of un-doped ZnO films deposited on glass substrates under (a) 
different DC powers and deposition times, (b) and (c) different substrate temperatures 
and deposition time respectively 	  
(a) 
(b) (c) 
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The effects of the different deposition times and powers on the crystalline quality of the 
films grown on glass substrates can be seen in Figure 4.3 (a). The 20 min sputtered 
samples for both 30 and 40 W show the narrowest peak with the shortest FWHM and 
the highest intensity, indicating that their crystalline structure is most preferable 
oriented towards the c-axis and composed by bigger crystallites. Films deposited during 
10 min had the lowest crystalline orientation, which improved when increasing the time 
up to 20 min. However, the 30min deposited films showed a retrogress respect to the 20 
min ones, probably do to an incomplete growth of new crystal formations. Figs. 4.3 (b) 
and (c) show the effects of substrate temperature in the crystalline orientation of the 
films, which appears to behave very different depending on the sputtering time. 
Whereas the crystalline orientation improved with the substrate temperature in the 30 
min deposited films (c), it decreased drastically in the 20 min ones (b). This effect can 
be related to the previously observed decrement in the crystalline orientation suffered 
by the 30 min films at RT. In this case, the orientation of the new grains seems to be 
enhanced by the substrate temperature, while the highly oriented crystallites in the 
20min films suffer degradation in their orientation do to the applied energy.  
 
Fig 4.4 XRD peaks of un-doped ZnO thin films deposited on silicon substrates 
under different DC powers and deposition times 	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It can also be noticed from Figs. 4.3 (b) and (c) that at 200 ºC and 20 min another 
reflection with less intensity appeared corresponding to the (101) plane, which is not 
present on the 30 min deposited films. On the other hand, only films deposited during 
30 min show a slight shift in the diffraction angle that approaches towards that one 
present in the bulk from of ZnO. Both phenomena are in good agreement with a 
previous reported work on the influence of substrate temperature in ZnO sputtered films 
[14].  
 
The influence of the (100) oriented silicon substrates in the crystallite orientation of the 
un-doped ZnO films is found to be high, especially during the first stages of nucleation 
and grain growth. This can be noticed in the graphs below (Figure 4.4). The 10 min 
deposited samples at both powers and the 20 min at 30 W show a change in the 
preferred orientation of the ZnO crystallites towards (100) plane and the presence of 
other less intense peaks corresponding to different plane orientations of ZnO crystals 
including the (002) plane, indicating a polycrystalline structure of the films. While 
increasing deposition time and DC power the preferential orientation of the crystallites 
turned towards the c-axis, increasing the relative intensity of the (002) peak and 
showing no presence of the (100) plane, while the (220) orientation remained. The high 
intensity peak in the right of all graphs corresponds to the silicon substrate. It is well 
known that crystalline substrates promote the formation of crystalline films because the 
high orientation of the crystals in the substrate influences the preferred growing 
orientation of the crystals in the film, particularly in the beginning of nucleation. In this 
case, the preferential orientation of hexagonal ZnO in (002) plane parallel to the 
substrate, as seen in glass substrates, was neutralized in the first growing stages and 
instead, the (100) orientation of the silicon substrate promoted the growth of ZnO 
crystals with the same (100) orientation. With higher power and longer deposition times 
the crystals recovered their natural preferential orientation. However, in all the samples 
deposited on silicon substrates the diffraction angle of the (002) peak was found to be 
shifted from the 34.1º to the 33.7º range, as can be seen in Fig. 4.5 while comparing the 
XRD peaks of the two samples deposited during 30min with different powers on glass 
and silicon substrates. 
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4.1.3 Electrical estudies 
 
Resistivity studies showed that all the ZnO films are highly resistive, especially that 
one’s deposited at RT which have resistivity values in the order of 108 - 109 Ω·cm. The 
resistivity of the samples deposited at 200 and 300ºC decreased significantly to the 103 - 
104 and 104 - 105 Ω·cm range respectively. 	  
4.2 Vanadium doped Zinc Oxide (ZnO:V) films 
 
4.2.1 Surface morphology 
 
The three samples deposited by dual magnetron co-sputtering with Vanadium and Zinc 
targets showed high morphological differences due to changes in Vanadium 
composition and substrate temperature but all of them seem to have in common a 
porous and rough surface because of the shadow effect produced by the un-uniform flux 
of incident atoms from both magnetrons, as the substrates were kept immobile during 
the deposition. From Fig. 4.6 can be noticed the poor uniformity of grain growth, maybe 
promoted also by the increment in the target to substrate distance (10 cm in this case).  
 
Fig. 4.5 Shifting of (002) peak position of un-doped ZnO thin films 
deposited on silicon respect the same films deposited on glass 	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The two samples deposited at room temperature showed a notable change in their grain 
morphology do to change in Vanadium concentration when changing V sputtering time, 
while the combined effect of applying substrate temperature and changing V deposition 
time (bottom image) reveals a radical change in the surface morphology and a strong 
degradation in grain formation. In the first picture the film is composed by very small 
grains while in the second one grains are bigger provably because the lower Vanadium 
concentration in the film allows a bigger grain formation do to less distortion in the 
ZnO crystals [16]. In the third picture the temperature seems to have a different effect on 
both Zinc and Vanadium, which produces two clear differentiate structures: a degraded 
background surface with the presence of spread spherical shaped grains. That suggests 
the presence of single ZnO and VO crystals in the film, instead of a uniform 
composition from both materials, which was confirmed later by the XRD analysis. 
 
Fig 4.6 FE-SEM images of V-doped ZnO thin films deposited under different 
Vanadium deposition time 
30 min V 
 
 
10 min V 
 
20 min V 
 
200ºC 
 
RT 
 
RT 
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4.2.2 Structural studies 
 
The influence of V-doping in the crystalline structure of the ZnO films was found to be 
very high, changing completely their crystal orientations respect to the un-doped ZnO 
films and making two of the samples deposited on glass to turn amorphous. That 
suggests the presence of high Vanadium concentrations in the samples, as reported in 
many investigations about the influences of V-doping concentration in ZnO films [16-18]. 
In Fig. 4.7 can be seen the effect of V-doping in the films deposited on glass substrates 
by comparing the XRD graphs corresponding to the three ZnO:V films with the graph 
of an un-doped ZnO film (black line) deposited under similar conditions. The first V-
doped ZnO graph shows a switch in the crystalline orientation of the film from the 
(002) plane to the (101) plane while a residual (002) orientation remains, with wide 
FWHM and a very low intensity respect to the new one. The other two samples of  
 
ZnO:V co-sputtered on glass show an amorphous structure. It seems that in this case, 
the effect of changing Vanadium deposition time by opening and closing the shutter 
promoted the amorphous growth of the films, as this can’t be attributed to a higher V 
concentration. In the same films prepared on silicon substrates (Fig. 4.8), however, the 
high crystallinity of the silicon promoted a polycrystalline structure of the ZnO:V films, 
containing two different plane orientations corresponding to ZnO and one 
corresponding to Vanadium dioxide (VO2) in accordance with High Score Plus 
database. The two plane orientations of ZnO are (100) and shifted (002). No residual 
Fig 4.7 Influence of V-doping in ZnO thin films deposited on glass substrates under 
different sputtering parameters 	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presence of the ZnO preferential (002) orientation was found. The film deposited 
sputtering both Zn and V targets during 30min show the poorest crystalline orientation 
while the one deposited sputtering Vanadium for only 10 min show the highest. This 
may be related to the amount of Vanadium concentration present in the films, as more 
Vanadium, less crystalline orientation. The effect of applying 200 ºC of substrate 
temperature in the third sample doesn’t seem to have had a major incidence on the 
crystalline structure of that film. 	  	  	  	  	  	  	  	  	  	  	  	  	  
 
 
 
 
4.2.3 Electrical estudies  
  
The resistivity of all ZnO:V films was found to be in the order of 108 Ω-cm using two 
probe resistivity measurements, indicating no change respect to the un-doped ZnO 
films. However, the films deposited between aluminium and gold electrodes showed a 
drastic increment in their conductivity do to the presence of the electrode layers, which 
could have diffused into the highly porous surface of the films. This was confirmed 
after taking I-V measurements for the two samples of ZnO:V 0 deposited on silicon 
substrate with bottom Aluminium and Gold electrodes. The eight curves regarding 
Fig 4.8 Influence of V-doping in ZnO thin films deposited on silicon substrates 
under different sputtering parameters 	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different measurement conditions for the two I-V graphs are shown in Fig. 4.9, from 
were it’s deduced an average resistance like behaviour of the films, being the one with 
Aluminium bottom electrode more resistive than the one with Gold electrode. The eight 
curve, however, show a different behaviour, more approximate to that one of a 
semiconductor. 
 
4.2.4 Optical studies 
The transmittance spectra of ZnO: V thin films were studied by TECHCOMP 2301 
UV–Vis–NIR double beam spectrophotometer in the range 300–1100 nm.   
Fig 4.9 I-V curves of V-doped ZnO films deposited over silicon substrate with (a) 
Gold bottom electrode and (b) Aluminium bottom electrode  
 
(a) 
(b) 
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Fig 4.10 Transmittance spectra of ZnO:V thin film deposited at different time 
Figure 4.10 shows the optical transmittance of ZnO:V thin film with deposited with 
different deposition time  at room temperature and 200 oC and it was measured in the 
wavelength range of 300 - 1100 nm. All the ZnO:V  thin films showed the optical 
transmittance in the range of nearly ~ 80-90 % in the visible spectrum 600 - 800 nm. 
 
Fig 4.11 Optical band gap (Tauc plot) of ZnO:V thin film deposited at different 
deposition time 
The optical band gap was about 3.15 to 3.37 eV for the film deposited at different time 
respectively as shown in figure. The observed band gap values were found in 
concurrence with the literature. The increase in the band gap with increasing the 
deposition time up to 30 minutes it due to the change in the mean crystallite size and 
film thickness. 
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4.2.5 Films composition 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EDAX results showed a very high concentration of oxygen in the films and similar but 
comparatively much lower concentrations of Zinc and Vanadium, being the Zinc 
concentration comparatively higher in all the three cases but confirming the presence of 
high Vanadium concentration. The film deposited using less Vanadium time (middle) 
had the highest Zinc concentration, while the film deposited under substrate temperature 
Fig 4.12 EDAX spectrum of ZnO:V 0 (top), ZnO:V 1 (middle) and ZnO:V 2 
(bottom) 
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(bottom) showed a very high concentration of oxygen and poor presence of both 
metallic elements. The peaks not tagged correspond to glass substrate components. The 
results confirm that the deposited samples are not good, as oxygen concentration is very 
high (particularly in the bottom one) and also V doping is high when compared to Zn. 
 
4.3 Aluminium doped Zinc Oxide (ZnO:Al) films 
 
4.3.1 Surface morphology 
FE-SEM images from ZnO:Al samples reveal a grain morphology very similar to the 
un-doped ZnO films, showing a little improvement in grain growth that results in more 
uniform and compact surfaces. The effects of sputtering time and power in the 
microstructure of the films is the same as found for un-doped ZnO samples, resulting in 
Fig 4.13 FE-SEM images of Al-doped ZnO films deposited under different substrate 
temperatures 
350ºC 
 
400ºC 
 
300ºC 
 
RT 
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bigger grains and more uniform surfaces when increasing both parameters. However, 
most important morphological changes occur when applying substrate temperature, as 
can be seen in Fig. 4.13 and in agreement with previous works [19]. Grains grew bigger 
when increasing the temperature, presenting a very different and rough surface for the 
300 ºC deposited films but recovering a smooth surface and grain uniformity while 
increasing up to 350 and 400º C.  	  
4.3.2 Structural studies 
Doping ZnO with Aluminium made the films to change their orientation plane from 
(002) to (101) in all the films sputtered at RT on glass substrates. In Fig. 4.14 the XRD 
graphs from the samples deposited while changing the position of the Aluminium plate 
in the ZnO target (placed in one side while depositing the first two samples and placed 
in the middle for the third and fourth ones) show a clear (101) crystalline orientation 
and no presence of the typical (002) ZnO peak. It seems that the change of the plate 
position didn’t affect the crystal structure in a significant way but Aluminium doping 
played a major role in changing the crystalline orientation of the films respect to un-
doped ZnO. However, when applying substrate temperature during the deposition (Fig. 
4.15), a recovery of the (002) plane orientation in the films was found for temperatures 
higher than 300 ºC, which is in good agreement with the previously presented changes 
in the surface morphology revealed by the FE-SEM images. Moreover, the films 
Fig 4.14 XRD peaks of Al-doped ZnO films deposited on glass substrates under 
different deposition times for two different Aluminium plate positions 	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deposited at 400 ºC showed a comparatively high intensity peak than the rest of the 
films, indicating a better arrangement of the crystallites in the (002) plane when 
increasing the substrate temperature above 400 ºC. The evolution in the crystallinity of 
the ZnO:Al films by applying substrate temperature is several, varying from an 
amorphous microstructure for 200 ºC to a highly c-axis oriented films for 400 ºC, with 
two middle steps at 300 and 350 ºC, where the transition of the crystalline orientation 
from (101) plane to (002) takes place. Additionally, a shift in the (002) plane diffraction 
angle is observed for the 400 ºC heated sample. 	  
 
The ZnO:Al films deposited on silicon substrate grow with (100) orientation instead of 
the (101) present in the glass samples and some of them were found to be 
polycrystalline, having both mentioned orientation planes. From Fig. 4.16 can be seen 
that the effect of substrate temperature in the crystallinity of the films deposited on 
silicon substrate showed a clear improvement when hitting at 300 and 350 ºC, while for 
the other temperatures the films showed a very poor crystalline orientation, becoming 
amorphous at 400 ºC. Crystalline structure of the deposited ZnO:Al films is in clear 
disagreement with previous reported works [19-20], in which the (002) peak was 
preserved even after Aluminium doping. That may be because of the high oxygen 
partial pressure used during the deposition of all ZnO:Al films, which was between 80 
and 85% in all the cases.  
Fig 4.15 XRD peaks of Al-doped ZnO films deposited on glass under different 
substrate temperatures 	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4.3.3 Electrical studies	  
 
The resistivity of Al-doped films was found to notably improve respect to the un-doped 
ZnO, decreasing one order of magnitude for the films deposited at RT (with a resistivity 
in the range of 107 Ω·cm) and dropping drastically when applying substrate 
temperature, provably because the added thermal energy promoted the proper location 
of the Al and O ions in the ZnO lattice, releasing more free energy carriers in the film. 
The changes in the resistivity of the ZnO:Al films with the different substrate 
temperatures are presented in the following graph (Fig. 4.17), where an abrupt drop is 
found between RT and 300 ºC, presenting a minimum at 350 ºC and increasing again 
lightly at 400 ºC. A considerable drop in the resistivity of Al-doped ZnO films when 
increasing the substrate temperature has already been reported [20]. This effect doesn’t 
seem to be related with the changes in the crystalline structure of the films when 
comparing with the XRD results. Anyway, lower the resistivity can be expected by 
reducing the oxygen partial pressure.  	  	  
Fig 4.16 XRD peaks of Al-doped ZnO films deposited on silicon under different 
substrate temperatures 
 
39	  
	  	  	  	  	  	  	  	  
 
 
 
 
 
4.3.4 Optical studies 
 
The transmittance spectra of TiO2 thin films were studied by TECHCOMP 2301 UV–
vis–NIR double beam spectrophotometer in the range 300–1100 nm.  Figure shows the 
optical transmittance of ZnO:Al  thin film with deposited with different sputtering 
power, deposition time and substrate temperature it was measured in the wavelength 
range of 300 - 1100 nm. The presence of fringes in the transmittance spectra indicates 
that the deposited ZnO:Al had higher thickness; number of fringes (deviations) was 
increased with raising sputtering power, deposition time and also for the substrate 
temperature it is due to the fact that while increasing sputtering power the number of 
atoms ejected from the target surface, then the increase in the deposition time may get 
increases those results in the increasing thickness. Here all the ZnO:Al thin films 
showed the optical transmittance in the range of nearly ~ 80-95 % in the visible 
spectrum 300 - 800 nm. 
 
 
 
 
 
 
 
Fig 4.17 Resistivity of Al-doped ZnO films deposited at different substrate 
temperatures 
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Fig 4.18 Transmittance spectra of ZnO:Al  thin film deposited at different sputtering 
power, deposition times and substrate temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.19 Optical band gap (Tauc plot) of ZnO:Al thin film deposited at different 
sputtering power, deposition time and temperature 
 
The optical band gap was lies in the range of 3.48 to 3.69 eV for the film deposited at 
different sputtering power, deposition time and substrate temperature respectively as 
shown in figure. So it also confirms that the observed band gap value is concurrence to 
the literature of Zno:Al thin films and it lies in the wide band gap region. 
 
 
41	  
4.3.5 Films composition 
 
Composition analysis was taken only for the best Al-doped ZnO samples (ZnO:Al 9 and 
10), which show a very good doping with an Aluminium concentration of 5 and 2 at% 
for ZnO:Al 9 and 10, respectively. The results are in good agreement with the good 
quality observed film morphologies and the resistivity measurements. 	  	  	  	  	  	  	  	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.20 EDAX spectrum of ZnO:Al 9 (top) and ZnO:Al 10 (bottom)  
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CHAPTER 5: PIEZOELECTRIC DEVICE FABRICATION 
AND TESTING 
 
5.1 Deposition parameters selection 
 
After analysing the results from SEM, XRD and Resistivity studies the best sputtering 
parameters were chosen for obtaining the desired properties in the final device, namely: 
Single crystalline films with a high crystalline orientation along the c-axis, a compact 
structure, uniform grain morphology with strong boundaries and high resistivity. Three 
different films were deposited on glass slides (75 × 25 × 1.35 and 37.5 × 25 × 1.35 
mm3) under the following sputtering parameters: 
 
Device # Deposition 
time [min] 
DC power [W] Substrate 
Temp. [ºC] 
Target to 
Substrate 
distance 
[mm] 
D-ZnO 20 40 RT 50 
D-ZnO:V 1 30 40 (Zn) / 40 (V) RT 100 
D-ZnO:V 2 30 40 (Zn) / 20 (V) RT 100 
 
 
Despite un-doped ZnO under the exposed parameters was found to be the best candidate 
for having the highest piezoelectric activity and so the best vibration harvesting 
capabilities, two ZnO:V films were deposited with corrected sputtering parameters to 
test also their piezoelectric activity. 
 
5.2 Piezoelectric Device Fabrication 
 
A thin Aluminium film was deposited first directly to the glass substrates using thermal 
evaporation technique, serving as the bottom electrode of the nanogenerator. A mask 
was used to prevent the deposition of Aluminium in one side of the substrate for later 
deposition of the top electrode. The second step was to deposit the ZnO based films 
over the bottom aluminium electrode using DC magnetron sputtering. This time two 
Tab 5.1 Selected deposition parameters for the final prototypes 
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masks were used in both sides of the substrates: one to leave a free area in the bottom 
electrode for later connection and the other one to prevent the deposition of the film in 
the place reserved for the top electrode connection. Finally, a Gold thin film was 
deposited over the piezoelectric film as the top electrode using thermal evaporation 
while masking the area reserved for the bottom electrode connection. A schematic 
representation of the three steps process can be seen in the following Fig. 5.1. After 
depositing the films, wire contacts were weld using silver paste first over the thin film 
electrodes to prevent them from damaging when welding.  
 
 
First	  step	  
Second	  step	  
Third	  step	  
Fig 5.1 Schematic representation of the third step deposition procedure 
of the thin film based energy harvesting devices 
Final	  device	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5.3 Testing of the Piezoelectric Device 
 
Four different vibration tests where carried on to probe the piezoelectric activity of the 
films and their energy harvesting capabilities by measuring their output voltage under 
different vibration conditions trough an amplifier circuit, as the expected output 
voltages were to low to be measured directly without any amplification. The output 
signals where using both multimeter and digital oscilloscope measured. 
 
5.3.1 Amplifier circuit 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.2 Pictures of the thin film based energy harvesting devices before 
and after wire welding 
Fig 5.3 Diagram of the amplifier circuit 
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The used amplifier circuit, which is a non-inverting amplifier, was designed in a two 
step amplification process: the first one amplifies the output voltage 1000 times, while 
the second one amplifies the already amplified signal 100 more times. Two 9V batteries 
are running the first amplifier and the secod one is powered by a USB connection to a 
computer. R4 is a resistance that prevents the noise signals to be amplified while R2 is a 
potentiometer used for adjusting the inicial voltage to zero. LED1 is used as a visual 
signal of the output coming from the device. 
 
5.3.2 Cantilever Vibration Test 
 
Cantilever vibration test with high amplitude and low frequency vibrations was 
performed using a flexible hacksaw blade; sticking the substrate of the devices on its tip 
and making it blend with different types of vibration modes by pushing down the tip 
manually with the fingers and releasing the applied force in the lowest position while 
holding the other extreme. This test showed extremely low output voltages, in the range 
of 10-7 V, which could be attributed to noise signals caused by the vibration of the wires 
more than to a real output coming from the devices. The reason may be that the 
vibrations are not generated directly in the glass substrate and so it is not inducing 
enough vibrations to the films or due to the low frequency nature of the vibrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.4 Picture of the Cantilever Vibration Test 
performance 
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5.3.3 Mobile Phone Vibration Test 
 
This test was done by using the mobile phone vibration mode when receiving a call, 
which has relatively high amplitude and frequency, while placing the device film in 
direct contact with the vibrating body of the mobile. The output signals measured with 
oscilloscope showed regular square pulse waves, which are very different from the 
expected irregular voltage peaks induced by the vibrations. After removing the device 
from the top of the mobile phone, it was found that this was not reacting to the 
vibrations but to the radio frequency waves emitted by the mobile phone. The measured 
output voltage showed amplitude of around 1.2 V after amplification, which 
corresponds to 12 µV coming from the device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.4 Ultrasonic Waves Test 
 
An ultrasonic cleaner was used to induce high frequency and very low amplitude 
vibrations to the devices, which were placed in direct contact with the inner walls of the 
cleaner for a better vibration induction. To avoid the noise generated by the vibration of 
the wires they were completely covered and fixed with tape. The response of the device 
was found to be very low but sufficient to prove the piezoelectric activity of the films at 
high frequency vibrations. The generated output voltages were in the order of µ V.  
 
 
Fig 5.5 Picture of the output signal from the device reacting to mobile 
phone radio frequency waves  
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5.3.5 Knocking Test 
 
This test was done by directly and un-directly knocking the device in different ways that 
induced random vibrations on it. The best response was obtained by hitting a metallic 
plate with the device placed over it. The continuous drum like hitting of the plate with a 
metallic spoon induced constant vibrations on the plate that were transferred to the 
device. This test was found to be the best in terms of vibration energy harvesting 
capabilities, showing maximum output voltages in the range of tens of µV. The reasons 
for this improvement can be attributed to an enhancement in the vibrations induced on 
the films or do to vibration frequencies closer to the resonant frequencies of the films.   
 
 
 
 
 
 
 
 
 
 
Fig 5.6 Picture of the Ultrasonic Cleaner Test 
performance 
Fig 5.7 Picture of the Knocking Test performance 
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Comparing the piezoelectric activity of the three types of films deposited under the 
above mentioned parameters under the different vibration tests it was found that the un-
doped ZnO device (D-ZnO) and the Vanadium doped ZnO sputtered with the lowest 
Vanadium power (D-ZnO:V2) had the best response, while the Vanadium doped film 
deposited with higher Vanadium power (D-ZnO:V1) showed no measurable response. 
In the knocking test, D-ZnO:V2 showed better output than D-ZnO. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 
 
Zinc Oxide, Vanadium doped Zinc Oxide (ZnO:V) and Aluminium doped Zinc Oxide 
(ZnO:Al) thin films were deposited on glass and highly oriented (100) n-type silicon 
substrates using DC magnetron reactive sputtering technique and characterized by FE-
SEM, XRD, EDAX, UV-Vis and electrical measurements in order to study their 
properties and select the best deposition parameters for energy harvesting applications 
based on piezoelectric and thermoelectric effects. First, un-doped ZnO and VO films 
were deposited under different times, sputtering powers and substrate temperatures for 
analysing the effects of changing these sputtering parameters on both materials 
separately, while keeping the other parameters as constants. After selecting the most 
suitable individual deposition parameters, V-doped ZnO films with different 
concentrations were deposited by dual target co-sputtering using pure Zinc and 
Vanadium targets. Finally, Al-doped ZnO films were deposited under different times, 
powers and substrate temperatures using a single magnetron with pure Zinc target and 
an Aluminium thin plate placed over it. The effects of doping and varying the sputtering 
parameters were found to play a major role in the studied characteristics of the ZnO 
based films, inducing significant changes on their final properties. The results showed 
that almost all the films were crystalline in nature, being single crystalline when growth 
on glass and becoming polycrystalline when growth on silicon substrates. The influence 
of V and Al doping changed the preferential (002) orientation of hexagonal ZnO 
towards other typical hexagonal orientations ((100) and (101)). ZnO and ZnO:Al films 
showed uniform grain morphology with compact surfaces and good crystalline 
orientation, while ZnO:V films had irregular surface morphology and lower crystalline 
quality. ZnO films had the desired properties for piezoelectric applications, being highly 
insulating with uniform columnar grains oriented in the (002) plane perpendicular to the 
c-axis while ZnO:V films were also highly insulating but with poor grain uniformity 
and crystalline orientation and so no good for piezoelectric applications. ZnO:Al films 
were highly transparent with very good improvement in their conductivity, which 
makes them more suitable for thermoelectric applications. After analysing the results, 
ZnO with the best deposition parameters and ZnO:V with corrected deposition 
parameters were selected for the fabrication and testing of different thin film based 
piezoelectric vibration energy harvesting devices. The results proved the piezoelectric 
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activity of the films and their energy harvesting capabilities under different vibration 
tests. The devices generated output voltages in the range of µV, as could be expected. 
Surprisingly, one of the corrected ZnO:V films showed higher output than the selected 
un-doped ZnO film. 
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